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The ability to stimulate recombination in a site-specific manner in mammalian cells may provide a useful 
tool for gene knockout and a valuable strategy for gene therapy. We previously demonstrated that psoralen 
adducts targeted by triple-helrx-forming oligonucleotides (TFOs) could induce recombination betweeri tandem 
repeats of a supF reporter gene in a simian virus 40 vector in monkey COS cells. Based on work snowing that 
triple beWccs, even in the absence of associated psoralen adducts, are able to provoke DNA repair and cause 
mntatioas, wc asked whether izrtermolecular triplexes could stimulate recombination. Here, we report that 
triplerhehx formation itself is capable of promoting recombination and that this effect fc dependent on a 
functional nucleotide excision repair (NER) pathway. Transection of COS cells carrying the dual supF vector 
with a purine-rich TFO, AG30, designed to bind as a third strand to a region between the two mutant supF 
genes yielded recombinants at a frequency or 0.37%, fivefold above background, whereas a scrambled sequence 
control oligomer was ineffective. In human cells deficient in the NER factor XPA, the ability of AG30 to induce 
recombination was eliminated, but it was restored tn a corrected subline expressing the XPA cDNA, In 
comparison, the ability of triplex-directed psoralen cross-links to induce recombination was oniy partially 
reduced in XPA-deficient cells, suggesting that NER is not the only pathway that can metabolize targeted 
psoralen photoadducrs into recomblnagenic intermediates. Interestingly, the triplex-induced recombination 
was unaffected in cells deficient in DNA mismatch repair, challenging our previous model of a heteroduplcx 
intermediate and supporting a model based on end Joining. This work demonstrates that oligonucleotide- 
mediated triplex formation can be recombmagenic, providing the basis for a potential strategy to direct genome 
modification by using high-affinity DNA binding ligands. 



One of the major goals of gene therapy for human disease is 
the targeted modification of the genome. Although methods 
for delivery Of genes into mammalian cells arc well developed, 
the frequency of homologous recombination is limited (22), in 
contrast to the more favorable situation in yeast. Most of the 
time, transfected DNA integrates in a nonhomologous man- 
ner, and, as a result, the simple introduction of new genes is of 
only modest value for gene therapy because it is difficult to 
achieve appropriate regulation of the gene when it is not in its 
cognate site. Techniques lo select for homologous recombina- 
tion of a sequence imo the matching chromosomal locos have 
been developed (39), and these techniques have been invalu- 
able in enabling the generation of mammalian cells and mice in 
which specific genes have been knocked out and replaced with 
desired sequences. However, such selection techniques require 
growth of cells in culture and are, in general, not applicable to 
gene therapy approaches. Because of this, investigators have 
recognized mat methods to enhance the frequency of homol- 
ogous recombination in mammalian cells will be critical in 
developing gene replacement strategics for research and gene 
therapy applications. 

Recently, efforts have been directed toward modification of 
the recipient site to create a substrate prone to homologous 
recombination. Tt has been shown thai a site-specific eudonu- 
clease, T-Sce T , can induce double-strand breaks within extra- 
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chromosomal and genomic DNA designed to carry the rare 
18-bp recognition site. This strategy has been used to induce 
intcrmolecular and intramolecular recombination in both Xe- 
nopus oocytes (51) and mammalian cells (3, 10, 14, 27, 44, 47). 
However, this has limited general application, as it involves the 
prior introduction of the recognition site within the genome. 

Besides double-straud breaks, other types of DNA damage 
have been shown to be recombinagenic, but in a non-site- 
specific way. These include DNA damage from UV radiation 
(54), chemical carcinogens (54), and photorcactivc molecules 
such as psoralen (48). Psoralens axe DNA-damaging agents 
that intercalate into DNA and form covalem mouoadducls and 
interstrand cross- links upon exposure lo near-UV light 
(UVA). Photo-induced psoralen interstvand cross-links, and to 
a lesser extent mono adducts, can induce recombination in bac- 
teria (11, 37), yeast (48), and mammalian cells and viruses (21, 
60). 

In previous work, members of our group demonstrated that 
psoralen damage can be introduced into DNA within mamma- 
lian cells in a site-specific mariner by linking psoralen to an 
oligonucleotide that is designed to form a triple helix (62). 
Triplex DNA can be formed when oligonucleotides bind in the 
major groove of the double helix in a sequence-dependent 
manner at polypurme-polypyriimdine stretches in duplex DNA 
(1, 12, 35, 4], 43). The specificity of oligonucleotide-raediated 
triplex formation has also been used to inhibit transcription 
and to cleave DNA at unique sites (24). Using this strategy, we 
found that triple-helix-taxgeied psoralen damage can generate 
she-specific mutations and mediate gene knockout within viral 
genomes replicating in monkey or human cells (17, 31, 62, 63) 
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and within chromosomal g&nes in mouse and banister cells (38, 
58). 

Prompted by the ability of triple-helix-forming oligonucleo- 
tides (TFOs) io mediate genorae modification in the form of 
mutation, wc weru on to test the ability of thiroVstrand-targctcd 
psoralen adducts to provoke homologous recombination at 
selected sixes within cells. Using a simian virus 40 (SV40)- i 
based shuttle vector carrying two mutant copies of the supF 
reporter gene, we demonstrated the ability of psora] en-conju- 
gated TFOs to enter cells, to find and bind to their target site, 
and to stimulate intramolecular recombination within an cpi- 
somal substrate (18). Other groups have also investigated re- 
combination stimulated by triplex-directed psoralen adducts 
(50, 59). Trjese studies have established directed psoralen ad- 
ducts as potential tods to sensitize selected genomic sites to 
modification (7, 59), although the mechanism of this sensitiza- 
tion has not been worked out. 

Based on these result we sought in the present work to test 
whether triple-helix formation itself could stimulate homolo- 
gous recombination. Previous work examining targeted mu- 
tagenesis had revealed that high-affinity third-strand binding, 
alone, could induce mutations in a target gene via a repair- 
dependent pathway (63). In thai work, a substantial portion of 
the targeted mutations were deletions. An analysis of the de- 
letion end points, presented here, reveals a pattern consistent 
with a pathway of strand break induction and end joining at 
regions of microhoraology, suggesting that triplex formation 
might be able to generate intermediate structures containing 
strand breaks prone to homologous recombination. Using an 
SV40-vecior-based assay, we report here the induction of ho- 
mologous recombination iu mammalian cells mediated by tri- 
plohclbt formation even in the absence of an associated pso- 
ralen adduct or any other covalcnt damage. We find that the 
thh'd-straad-stimulated recombination is dependent on nucle- 
otide excision repair (NEK), as triplex-induced recombination 
was not detected in cells deficient in the NER damage recog- 
nition factor, XPA, but was observed in a derivative line ex- 
pressing the XPA cDNA. In comparison, we found that the 
recombination induced by the psoralen-triplex lesions was re- 
duced only about 50% in the absence of NER, suggesting a 
partial but not exclusive role for NER in processing the tar- 
geted psoralen addncls into recombina genie intermediates. 
The induced recombination, however, was unaffected in cells 
deficient in mismatch repair, prompting revaluation of our 
previous model of an extensive heterodupJex intermediate and 
leading to a new model based on end joining. 



MATERIALS AND METHODS 

Vectors. PI asm id pSupfAR was constructed to contain iwo mutant supF tRNA 
genes in tandem (Fig. I). The two genes differ only at positions 1 15 and IfiS, This 
vector is similar to pSupF2 used in previous wuak of members of our group (IS), 
except That the polymorphisms at positions 101 and J 77 have been climina ccd to 
simplify produa analym. The supP genes were derived from the genes in the 
vectors pSupFGl (62) and pSP189 (42). pSnpFGl carries a novel supF gene 
modified to crate a potypurinc binding site for Mgh-amniry trjple-hclix forma- 
tion. The pSupFGl dtiJvarivc, pGW47, containing a C-to-G mutation at bp 1 63 
within lho supFGl geno, (yielding the gene designated here as mpPl), was 
digested with Engl. A mutant, varan t of die MpF gene, carrying a G-tc-A 
mutation ar nueteoride position ! 15 (designated supF 2), was generated as a 
synthetic 104 -bp oligonucleotide fragment and inserted imo the £^gJ-digcstcd 
pGW47 UNA to yield the pSwpFAR jhutilc tcccot containing the two mutant 
supF ptmts as difeet repeat separated by 9 bp. The oricniaiion of the cloned 
£r ttgmem * as eonfirtn*! by DNA ieque>tetrtg. The vector also conwiA3 Ito SV40 
origin of replication and Urge T-artCipsi coding soquence alwg with die Nac- 
tamasc gene and replication origin from pBR327, to described previously (18). 

UligtfoucUo tides. Unconjugated and pSor&lco-linkcd oligonucleotide? were 
synthesized by the KtCil Facility nt Yale University, by Standard phosphonuradite 
chemistry with materials from Glen Research (Sterling, Vx), All oligomers 
contained pfcosphudies'er backbones and were synthesized to contain a 3' pro- 
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pytmmru* group to minimis; siisc«plibdlity to degradation by 3' exanuclctutes (26). 
The oBgomers were purified by ehher get eJectrophoresijj ox high-pressure liquid 
chromatography, followed by CentricoD-3 filtration in distilled wait* (Ainkuo. 
Beverly, Mas*.). The psoralen was Incorporated into the oiigomideotide synthe- 
sis m ei psoralen phosphordmiditc. resulting in an olignnuelconde linked m it* 5' 
end via a [wo-carbon linker arm to 4'4rydroxvmelhyK5'^-trimethylp50^lcn- 
Ths ofigonucleotidej used in this study wera pAo-AGM (5* psoralen v\OGAAO 
GOOGGGGl-GGrrGGGCJGAGOGGGAG-3'), AG30 Osame as psa-AGSO but 
without 5 F psoealertX p3O-SCR30 (5' i»orJen-GGAGGAnTGGAGCGGAGT 
GAGGGGGGGGGG-3*), and SCR.10 (same as pso-$CR30 but without S' pso- 
ralen). 

Cell*. Monkey COS-7 aUb} were obtained from thtj American Type Culture 
Collection (16S1-CRL). Transformed XPA fibroblasts from patient XPZOS ond 
the XP2QS cells rr?n$fecltd with a vector expressing XPA cDNA 
pCP20S(pCAHl9WS)j wc obtained from K_ Kraemcr (34;. XPF and XPG 
noToblarts (from patients with xeroderma pigmentosum, groups F and G) were 
obtained from the National Institute of General Medical Science Human Ge- 
iierjc Mutant Cell Repository (Camden. NJ.), repository no. GMUS437 and 
GM03Q2JB, respectively. The XPF cells ware obramed as an SV40-tf^fomt«d 
fibroblast line; the XPO cells nre a primary fibroblast culture nbtained at passage 
10. The human onion cancer cell line, HCT116. deficient in the DNA mismatch 
repair (MMR) factor MU*l, along with a subline corrected by whole-chromo- 
some transfer to restore MMR function (HLT11&3-6, corrected *ith chromo- 
some 3) and a coMol bHibJine (HCT1 16-2-3, with chromosome 2), were obtained 
from T. Itimkel (28). A similar set of MSH2-dcficieui and corrected cell lines, 
HC (MSH2 deficient), HC2A (cor/ected with chromosflme 2), and HQ.%1 
(control with chromosome 7), were also obtained from T. KunlCBi (55). The cells 
were grown fn growdi media (Dulbeceo's modified Eagle's medfum [Lil'e Tccb- 
nologK*, Gaithersburg, Md.], 10% fetal self serum pifc Technologies!, and i% 
penicillin-l% sireptoniycin (Sigma. St. Lnnis. Mo,)J at 37*C m a humidmed 
incubator in die presence of 5 % CO^ 

Intracellular targeting and rccamblnarfou i$$xy. Til Uw? caic of the COS adU\ 
subconfiuent cells were detached by frypsinization and washed three Vines in 
growth medium. The cells were rcsn$p&ideU at a density of ID 7 ccIlVml, and 
pSupFAXi plasmid DNA was added at a concentration of 3 p^: of DNAAO* cells. 
The cell-DMA mixture was UiCn incubated on ice for 10 min. TraesfccUon of the 
cells was carried out by eleco'oporation with & genu pulscr (T3io-Rad, Hcrculen, 
Calif.) at a setting of 25 uP/25Q W/250 V in a4-ctn gap transfecoon cuvettes 
(Bio-Rad). After 10 (Bin of incubiition at room temperature, ccllj were wushed 
twice in growth medium to remove recess extracellular plBsmid DNA and re- 
plated in culture in growth media into 100-mm-diametcr dishes. After 24 h, cells 
were transflcctcd with selected ol^onmieolidcs by clccnroporaiion at a concen- 
tration of 2 uX in die cell suspension, as desciibed above, and UYA irradiation, 
if indicated, wa^i administtrsd 2 h later. In the care of human cell linM (XPA,' 
XPA corrected, XPF, and XPG), the shuttle vector DNA was transfeacd by 
using Upoteeiarntnc (Life Technologies), with a ratio of 3 jig of plttsmid DNA 
to 30 ul of lipofcaaminc, premised with 600 ul of Dulbecco's modlitcd Eagle's 
medium, and waa added to ecus with 2,4 ml of medium m OO-inm-dianieLer 
dishes, as dire etc J by the manufacturer. After 24 h, the oligOD^deoiidis were 
Lransfceted imo the cell? with UpofftCl&mine, with an oligonuclcotidc-to-lipid 
ratio of o M-g to 00 yl in a GOO-pJ TOlume. 

For atl call typea, 48 h after transection the cells were harvested for plasm W 
DNA isolation by a modified alkaline lysis pToetdure (62), and the resulting 
vector DNA was subjected to digestion with Dpnl (co el im in ale any unreplicated 
molecules that had not acquired the mammalian meihylaiion pautra) and used 
to transform bacteria for genetic analysis of supF gene function as previously 
described (62). Selected colonies were purified, and the ptasmids w ~rc utolalud 
tor PCfc or DNA sequence anttlysw, 

Product analyala. Screening of the recombinants by PCR ampiificaticai of The 
Sequences rontnmin* the supF genefs) in die vector* was performed with I he 
followfrtg primes: 5' GGCGACACGGAAATGTTGAA V (forward) and 5' 
TTAGCITTCG CTAAG GAJCCG G 3' (rrverse). DNA sequencing wa.i carried 
out ns described previoush/ (ti2). Tlie jcquoneing prhtWr wftS the same a* the 
fotward primer used for screening of the recombinants, listed above. 

la vitro triplex binding, (dioLuaddact formation, and cotransfectiou shulric 
vector assnj. In 8 reaction volume of 1 0 pi, 3 tig (50 nM) of the pSupFAR DNA 
was incubated with % 100;J raular excess of ohgramcleotide (5 \iM) for 2 h at 
37°C in I09& sucrose, 20 mM Mgdj, 10 m\f Tris (pH 8.0), and I mM spermidine 
(triplex eroding buffer). If indicated, irradiation of *ampktt wiih 1,8 J/o» 2 of 
UVA wa$ pttrformed VSmg 365-nm Ufmpfc supplied by Southern New EogJand 
UlimviDlct Co. (BranfonL Conn.). A radiometer (TntemftCional lighL NcWbury- 
port. Moss.) was used to measure the lamp output (typical UVA irradiance of S 
to 7 mW/cm a at 320 to 400 mn), A window glass niter wa« u$ed to cllminrtto any 
UVB contamination during the UVA irradiation. Cbtransfection of the pre- 
formed oligoiuidcotidc^plasraid DMA compltuMs into the human repair-defi- 
dent and -proficient cell lines wa& carried ou; usMg Lrpofectaminv (Life Tech- 
nologies), as described above. After 48 h, shuttle vector isolation jnd analysis was 
performed as described above. 
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Oligonucleotides 

5' AGGAAGGCGGGGGTGGTGGCGGAGGGGGAG-NH2 
5 ' AGCAAGGGGGCGGTGGTGGGGGAGGGGGAG-NH 2 

5 T GGAGGAGTGGAGGGGAGTGAGGGGGGGGGG-KH 2 

— TTAGGAAGGGGGGGGTGGTGGGGGAGGGGGAG- - 5 1 
— AATGCTTCCCCCCCCACCACCCCCTCCCCCTC — 3 * 



3' P5O-AG30 

3' AG30 

3' SCR30 

polypurine 
target site 




SV40 origin 



SV40 T anBgen 



HO. 1. Schematic representation of the pSupFAR vecior. The SV-40-baacd shuttle vector contains two mutant supf genes in the form Of a tandem dimer The 
upstream mutant supF gwie, supFl t coniainfl a C-to-G point mutation at nucleotide position 163; the downstream mutant supF gena, supF2 t contains a G-iq-A point 



. , . a Tm composition but & 

scrambled sequence, was used. In soma experiments, the AG30 and die SCR30 oligonucleotides were conjugated at their 5 J end to 4'-hydrQxymetfayi -4 T 5' 
trimechylpsorBlen via the 4' hydroxymctliyl position, as Shown in the case of pso~AG30. In this case, by formation of die triple helix, psoralen intercalation is targeted 
to the duplex-triplex junction at bp 166 to 3 67 Gimp?!, Upon pnoto&cbvaiion with UVA. both mcnoadducts and imerstrand cross-links we generated at the thymidines 
in these base pairs. 



RESULTS 

Design of vector to detect induced recombination The vec- 
tor pSupFAR was constructed to investigate the ability of tri- 
plex-directed DNA damage to trigger recombination between 
tandem supF genes flanking the third-strand binding site (Fig. 
1). supF encodes an amber suppressor tyrosine iRNA whose 
function can be screened by a colorimetric assay in host bac- 
teria carrying a tecZ nonsense mutation. To facilitate the de- 
tection of recombinants via a phenotyplc screen, the upstream 
supFI gene in the vector carried a C-to-G mutation at bp 163, 
whereas the downstream supF2 gene was engineered to con- 
tain a G-to-A mutation al position 115. Both of these changes 
disrupt supF activity. Hence, recombination between supFI 
and $upF2 has the potential to reconstruct a fully functional 
supF gene, which can be identified by the resulting blue colo- 
nics on indicator plates. (This vector differs slighdy from the 
pSupF2 vector used in onr previous study of psoralen- triplex- 
induced recombination (18) in that the sequence differences 
between the two supF genes at positions "J 01 and 177 have been 
eliminated, a situation which in the previous work reduced the 
yield of detectable wild-type recombinants). 

The 30-bp porypurinc-polypyrunidine she in the vector at 
the 3' end o£supF2 is a good target for irjplex formation by the 



G-rlch oligonucleotide, AG30 (Fig. 1). This oligomer was 
shown lo bind to the target sequence with high affinity (equi- 
librium dissociation constant [K d ], 10" ft M) (63). In some of 
the experiments reported here* a derivative of this TFO was 
used; the derivative was synthesized to contain a psoralen 
conjugate at its 5' end, yielding pso-AG30, such thac the third- 
strand binding positions the tethered psoralen for intercalation 
and adduct formation at bp 166 to 167 of the supFI gene (Fig. 
1). The binding of the modified pso^AG30 to this site was 
determined to have a K d of 3 x 10 9 M (62). The level of 
binding by AG30 and pso-AG30 was previously found to be 
sufficient for intracellular triplex formation and targeted mu- 
tagenesis in a shuttle vector carrying the supFGJ gene (62, 63). 
As a control, a scrambled sequence oligonucleotide, SCR30, 
was used. It is a G*rich 30-mer and has the same base compo- 
sition as AG30, but it has 14 mismatches in the third-strand 
binding code relative to the porypurine site in the pSupFAR 
vector, whereas AG30 has only two mismatches. No binding of 
SCR30 to the supF target site is deiectable in gel mobiliry shift 
assays up to a concentration of 10~ 6 M. 

Triplex-iudoced recombination in COS cells* To test the 
possibility that intermolccular triple-helix formation, by itself, 
might promote recombination, we examined the activity of 
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Oligonucleotide 
None 

SCR30 

AG30 

UVA 

pso-AG30 + UVA 



1 I 1 1 1 l 1 1 1 i 1 ' 1 i 1 ' ' i i i i | i i i i i > i j 

25/32.416 




164/44,800 



S0/3 r 4OQ 



Recombination frequency (%) 

FIO. 2. Tripltt-induced recombination in COS cells. Cells prttranifected with the pSupFAR vector were subsequent^ rransfcewd with the indicated oK»nuck- 
Olidet. Af t*r 43 h, shuttle vector DN A was isolated from the cells for analysis of supF gene function *nd qtftatificatwn of rccoffibiiKMion events. The nunibcrof olve 
COlOflies (representing recombinants) out of the total number of colonies is presented to the right of eacb bftt, with the bars indicating recombination frequency One 
S*mple received only irradiation vith UVA light {IS J/cm* of broad band long wavelength UV light eenrefftd at 365 nan) and no oligonucleotide, as indicated. In the 
case Of piO-AG30 plus UVA, the irradiation was administered 2 h after TFO transfection. 



AG30 in the pSupFAR recombination assay. COS cells were 
transfected with pSupFAR and subsequently transfected with 
either AG30, pso-AG30, or, as a sequence control, SCR30. In 
the case of pso-AG30, 2 h after oligonucleotide transfection, 
the cells were irradiated with long wavelength UVA light (365 
nro) to activate the tethered psoralen for photoadduct forma- 
tion. The treated cells were maintained in culture for 48 h 
before rescue of the vector DNA for analysis. 

Recombinant colonies were identified by their nonparental 
blue phenotype among the parental white ones, the colonies 
were counted, and the recombination frequency was deter- 
mined (Fig. 2). Cells not exposed to any oligonucleotide 
yielded a background frequency of 0.08% bines. When cells 
were treated with psoAG30 followed by UVA, blue colonics 
were generated at a frequency of 1.5%, consistent with the 
previous work of members of our group (18)- When AG3D, 
lacking any psoralen conjugate, was used, recombinants were 
generated at a frequency of 0.37%, fivefold above background. 
SCR30 yielded only background levels of recombinants 
(0.06%). Hence, triplex formation, itself, is able to provoke 
recombination, at a level in this assay about 25% of lhat in- 
duced by targeted psoralen-iriplex lesions. 

Ami lysis of nonparental products. To ascertain the nature of 
the oligomer-induced events, wc used PCR analysis to deter- 
mine the supF gene copy number in the nonparental plasmids. 
Rasinid DNA from selected blue colonies, along with DNA 
from parental white ones for comparison, was amplified with 
primers Hanking the tandem supF genes in pSupFAR. Analysis 
of the blue colonies produced by both AG30 and pso-AG30 
revealed that all (n = 22 and 12, respectively) were recombi- 
nants in which only a single, wild- type supF gene was present 
(data not shown; this interpretation was confirmed by DNA 
sequencing of 10 randomly selected recombinant vectors). 



whereas the white colonies contained the parental plasmid 
With two supF genes. Hence, all the blue recombinants tested 
appeal* to have arisen from nonconsemtive events involving 
the loss of sequences in which a functional supF gene was 
generated. 

Repair dependence of triplex-induced recombination. To 

address the mechanism by which an intermolecular triple helix 
could promote recombination, we carried out the smnde vec- 
tor recombination assay in a repair-deficient human cell line 
(XP20S) derived from a patient with xeroderma pigmento- 
sum, group A (34). The XPA protein is a critical damage 
recognition factor in the NER pathway (49), and in previous 
work of members of our group, cells without, XPA function 
were found to lack TFO-induced mutagenesis (63). In com- 
parison, an otherwise isogenic subclone corrected to normal 
NER function by transfection with a vector expressing the 
wild-type XPA cDNA was used (34). In these experiments, the 
cells were transfected with pSupFAR on day 1 and with the 
oligomers on day X with cationic lipids being used both days. 
(The transfection protocol differed from that used for COS 
cells because of the poor survival of the XPA cells after clec- 
troporadon). The oligonucleotides tested were AG30, psu- 
AG30, and SOR30. However, UVA irradiation was not per- 
formed, so in this experiment the comparison between AG30 
and pso-AG3Q reflects the possible effect of the psoralen con- 
jugate only as an intercalate^ not as a covalem adduct or 
inters trand cross-link. 

The data (Fig. 3) reveal thaL AG30 and pso-AG30 (without 
UVA and hence without cross-linking) were effective in stim- 
ulatj'ug recombination in pSupFAR, both at frequencies of 
0.14%, but on)y in the XPA cells that had been corrected to 
normal or near normal NER activity by expression of the XPA 
cDNA. In the mutant XPA cell line, no TFO-induced recom- 
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FIG. 3. TripIot-ioduDcd moonibio&tion in human repair-proficient and repair-deficient cells. The eelk, either XPA (XP20S, deficient in the damacc r&tn*«M<m 
actor XPA) or XPA c™™d fXPlOSCpCAH^WS) cells, a s*li»rfXP20S expressing wild-type XPA dJNAJ. were pretrantfccK ^ p^KK 
subsequently cransfectcd with ihe mdjeated oligonucleotides. AXWr 43 h, shuttle vector DMA was recovered and aatfyzed as described for Fig. 2. 



binalion was detected above the background (0,03%), Hence, 
the results show that the ability of an intcrmolecular triple 
heUx to stimulate recombination requires an intact NER path- 
way, presumably to generate a rccorubiaagenic intermediate. 
Interestingly, pso-AG30 without UVA (no covalent adducts) 
was not more effective than AG30, suggesting that die poten- 
tial intercalation at the duplex-triplex junction by psoralen 
does not have a major influence on this process, and that the 
primary lesion that induces recombination is the triple helix 
itself. As in the COS cell experiments, all the analyzed blue 
colonies produced by AG30 were single gene recombinants 
(n - 14). 

Note that the TFO-induced recombination frequencies in 
the XPA-corrected cells are slightly lower than that seen with 
AG30 in the COS cells (Fig. 2), This difference could have 
several explanations, as follows: (i) the NER correction maybe 
incomplete; (ii) the COS cells have a more robust recombina- 
tion activity; or (Hi) the transfection of the TFOs into the COS 
cells was more effective. None of these would invalidate the 
basic observations and conclusions. 

Partial NER dependence of psoralen-triplex-mduced recom- 
bination. For comparison, we examined the role of the NER 
pathway in the recombination induced by psoralcm-triplex le- 
sions. Id these experiments, the triple helices were formed in 
vitro on the vector DNA and the complexes were UVA irra- 



diated to generate covalent psoralen adducls prior to transfec- 
tion into the cells. This protocol was carried out to avoid any 
potential confounding variability in cellular oligonucleotide 
uptake and intracellular triplex formation that might arise be- 
cause two unrelated, nooisogenic cell lines were included in the 
comparison. In this way, all the cell lines were challenged with 
a uniform DNA substrate. Also, this protocol avoids any pos- 
sible toxicity to the repair-deficient cells from the UVA. 

In prior studies (20, 61, 62), we demonstrated that under the 
conditions used here, the TTO-tcthered psoralen covalcntJy 
reacts with both strands of the duplex (via photoadditiou at 
both the pyronc and furan rings to Ts in opposite strands) to 
generate interslrand cross-links. In this structure, all Ihrcc 
strands of the triplex are covalently linked via the psoralen. 
The TFO is connected through the linker arm attached to the 
5' end of the TFO and to the 4'-hydroxymetrryI group of the 
psoralen. The duplex strands are linked vip cyclobutaQe bonds 
between thymidines and the pyronc and furan rings of the 
psoralen. 

The preformed pS upFAR- tripl ex-psoraJ en adduct com- 
plexes were transfected into a series of repair-deficient and 
-proficient cells, including not only the XPA cells and those of 
their corrected subclone, but also those of cell Jincs derived 
from xeroderma pigmentosum patients in complementation 
groups F and G. (The XPA and XPF ceil lines were SV40 
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transformed; the XPG cells were a primary fibroblast culture at 
passage 10.) XPF and XPG proteins play central roles in the 
endonuclcasc incision steps in NER, at positions 5' and 3' to 
the lesion, respectively (49). The data (Fig, 4) show that the 
covalent psoral en-triplex lesions stimulate recombination to a 
substantial degree even in the three NHR-deficient cell types, 
XPA (2.0%), XPF (1.5%), and XPG (1.6fc). However, a 
higher overall frequency of induced recombination was ob- 
served in the corrected XPA cells (3.7%). These results suggest 
that some but not all of the recombination induced by the 
psoral en-triplex compound lesion depends on NER. Tbis con- 
clusion is consistent with the emerging concept that non-NER 
pathways exist in cells that can metabolize psoralen cross-links. 
Furthermore, the observation that, as in the COS cells (Fig. 2), 
the covalent psoralcn-triplex lesions (Fig, 4) are more effective 
than the triplex alone (Fig. 3) in stimulating recombination is 
also in keeping with the possibility that the psoralen cross-links 
arc subject to metabolism by repair pathways in addition to 
NER. 

Triplex-induced recombination is mismatch repair indepen- 
dent To further extend our mechanistic understanding of the 
TFO-induccd recombination, we tested the ability of pso- 
AG30 plus UVA to promote recomhination in cells deficient in 
DNA MMR. Two human cancer-derived cell lines, HCT116 
and HC, defective in MLH1 and MSH2, respectively were 
tested in comparison to subclones corrected to MMR profi- 
ciency by chromosome transfer, along with control sublines 
carrying noncorrecting chromosomes (28, 55). No differences 
in the yields of recombinants were detected whether or not the 
cells were MMR proficient or deficient (Fig. 5). (A difference 
was seen between the level of recombination in the HCT116- 
derived cells versus the HC cells. However, these differences 
do not correlate with MMR capacity. They may reflect differ- 



ences in other, as yet unidentified repair or recombination 
factors, but this remains to be determined.) In these experi- 
ments, analysis of the induced bltie colonies revealed single 
gene recombinants regardless of whether they were produced 
in MMR mutant or wild-type cells (data not shown). 

These results call into question a previous model invoking a 
hereroduplex Intermediate that is resolved by mismatch repair 
(18). The possibility remains that such an intermediate is. in 
fact, formed but is resolved by a inisrnalch repair pathway that 
is MSH2 and MLH1 independent. However, another possibil- 
ity is that the triplexes promote recombination via a pathway in 
which strand breaks are produced (either by NER in the case 
of the triplexes alone or NER plus some other repair activity in 
the case of the psoralcn-triplex lesion), and that these strand 
breaks lead to end-joining events at regions of microhomology. 

Triplex-induced deletion mutations. If such a pathway of 
strand break production and end joining is provoked by triplex 
formation, we reasoned diat the triplex-induced deletions 
found in our previous work (62, 63) might also provide evi- 
dence consistent with an end-joining mechanism. In our pre- 
vious COS cell experiments, such deletions typically consti- 
tuted about 15 to 25% of the observed mutations, yielding 
deletion frequencies in the range of 0.1 to 0,5% (for triplex 
alone and for covalent psoralen-rriplexes, respectively), values 
which are comparable to the frequencies of induced recombi- 
nants seen in tie work reported here (compare the COS ceJI 
data in Fig. 2). In Fig. 6, an analysis of randomly selected 
deletion mutations generated by psoralen-lriplexes (Fig- 6A) 
and by intermolecular triple helices alone (Fig. 6B) is shown. 
In both data sets, most of the deletion end points appear to 
have been joined at sites of 3 to 4 bp of homology, in keeping 
with an end-joining model. However, unlike the supF recom- 
binants in the experiments described above, the joints in the 
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deletions otherwise occur wiLhin surrounding regions of non- 
horrjoiogy. Also, there is one example in each set that has no 
homology around the deletion, Tbese products are consistent 
with previous analyses of joints made in mammalian cetis with 
ends produced intentionally by restriction enzymes (46). 

discussion 

The work presented here demonstraies that intcrmolecular 
triple-helix formation can provoke a pathway of DNA metab- 
olism that can lead to recombination. Cells pretransfectcd with 
an SV4Q-ba$ed shuttle vector carrying two mutant copies of the 
supF gene were subsequently transferred with specific TFOs, 
and it was found that such oligomers could provoke recombi- 
nation within the vector in a sequence-dependent manner. The 
reaction was sequence specific, because only the AG30 or 
pso- AG30 oligonucleotides, which bind with high affinity to the 
target si te» were found co generate recombinant products in the 
cells. The scrambled sequence oligomer, SCR30, was not active 
id the assay. 

Experiments with NER-deficicnt cells lacking XPA function 
and with a corrected, otherwise isogenic subline reveal thai 
NER is required for production of the recombinants by the 
triple helices. This finding is consistent wftb our previous ob- 
servation that high-affinity third-strand binding can stimulate 
DNA repair activity in human cell extracts and can induce 
mutations in a target gene in human cells in an NER-depcn- 
dent manner (63). The combined results provide strong sup- 



port for the hypothesis that the formation of an intcrraolecular 
triple helix by an oligonucleotide is recognized by the NER 
pathway as a form of DNA damage, putting triplexes in a 
broad category of NER-proeessed lesions with pyrimidine 
dimers and bulky adducts such as those from acetyt-aminoflu- 
orcne and benzo[a]pyrene. It is likely that further studies will 
reveal common structural features shared among triplexes and 
the other types of DNA damage that promote NER recogni- 
tion. Furthermore, by extension from these results, it is ex- 
pected that other classes of noncovalent DNA binding Uganda, 
such as polyamides (65) and peptide nucleic acids (15, 16), may 
create alterations of DNA structure that will be recognized and 
metabolized by NER. As a result, TFOs, polyamidcs, peptide 
nucleic acids, and similar Iigands may prove to be useful re- 
agents in strategies aimed at harnessing the cell's repair mech- 
anisms to promote genome modification. However, the partic- 
ular properties of these various Iigands in this regard remain to 
be determined. 

The necessity for NER in the trip) ex- induced recombination 
also supports our previous study of gene correction with TFOs 
covalently linked to short "donor/' fragments of DNA (8). Tn 
that work, the site-specific binding of the TFO domain of the 
hybrid molecule was designed to enhance the homology search 
and thereby accelerate recombination or gene conversion. The 
results reported here further support the notion that the TFO 
domain can also promote recombination of the donor frag- 
ment with the target site by recruiting the NER apparatus to 
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Underlined nucleotides indicate stretches of nuetohojnotofiy at the deletion end 
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the target to crcale strand breaks and recombbiagenic inter- 
rncdiates. 

Thc role of the NER pathway in recombination stimulated 
by triplex-directed psoralen cross-links was also examined. In 
the case of the triplex-psoralcn lesion, however, there was only 
a partial requirement for NER. About 40 to 50% Of the in- 
duced recombination was found to be independent of NER 
function. This observation is in keeping with a study by Hall 
aad Schcrcr (21) in which reactivation of psoralen and TJVA- 
treated herpes simplex virus was seen in XPA-deficicnt cells 
when the cells were infected at high multiplicity, suggesting 
that a recoinbinational repair pathway was still active in these 
cells even in the absence of XPA function. This observation is 
also consistent with recent studies providing further evidence 
for Qoa-NER repair of psoralen cross-links in mammalian 
cells. Li et aL found that psoralen cross-links but not monoad- 
ducts in one plasmid can stimulate repair synthesis in a second, 
undamaged plasmid in a human whole-cell extract (35). This 
activity was found to be scparal e from NER, as it was observed 
in extracts of several NER-deficienu cell lines (XPA-, XPC-, 
and XPGvdcficicnt cells). 

Interestingly, the activity observed by Li ct al. (35), while 
present in extracts from XPA cells, was absent from XPF cell 
extracts. This finding fits with earlier observations of an ex- 
treme hypersensitivity of XPF (ERCC4) mutant CHO cells to 
cross-Iinkinn agents (4, 25). Evidence suggests that, of the 
known NER factors, the XPF-ERCCl. heterodimer complex 
appears to have a special role in cross-link repair (4). Yet, our 
rcsulrs suggest that even in XPF-dcficicnt cells, pso-TFO-me- 
dialcd cross-links can promote recombination, raising the ad- 
ditional possibility thai either (i) another factor or set of fac- 
tors may act on pso-TFO lesions in a ^combinational repair 
pathway or (ii) the ability of pso-TFO-directed cross-links to 
block replication (rather than provoke repair) may play a role 
in stimulating recombination. 

In OLher work looking more directly at cross-link repair in 



TRIPLEX-JQtoUCED RECOMBINATION 997 

r^^l ard ° n , et aL Sh0wcd * hat P« ora,en monoadducts and 
k Lf ? * from a DNA substrain in human 

•^i r x^ (45) - HoWcv< *> « al. (2) reported that 

purified NER factors reconstituted in vitro thai can otherwise 
cany out excision repair of pyridine dimers cannot excise 
psoralen cross-hnJcs. In fact, they observed ihe production of 
dual incisions on one strand on the same side of the lesion 
rather than the expected flanking incisions (2), representing 
essentially a situation of incomplete repair. While such a 
strand break product may constitute an intermediate poten- 
tially prone to recombinational repair, this observation sug- 
gest that the known NER factors are insufficient for full pso- 
ralen cross-link repair in mammalian cells. Interestingly the 
situatwn in Escherichia coli appears to be different, as NER 
factors do make dual incisions flanking the psoralen cross-link 
arid are required for mediating cross-link repair, in a model 

others ?5?$f) * Sladck Ct (5U md 

Such subtle but important differences in the way psoralen 
lesions are repaired may help to explain why triplex-directed 
psoralen adducts were relatively ineffective at vStfolulating re- 
combination rn Xenopus oocytes compared with human or 
monkey cells (52). In the Kmopus system, the dual ^-car- 
rying plasmid containing triplex-psoralen adducts showed little 
recombination (52), while similar substrates containing restric- 
tion enzyme-induced doubte-strand breaks recombmed at hieh 
efficiency (51). y 
Experiments with MMR-deficicnt cells provided the unex- 
pected result that MMR activity, at least the activity dependent 
on MSH2 and MLHl, is not required for the induced recom- 
bmation in the pSupFAR shuttle vector. This result calls into 
question some aspects of our previous working model (18) in 
which we proposed that the psoralcn-triplex-induced recombi- 
nation takes place via a single-strand annealing pathway (18, 
36). In such a pathway, damage-induced strand breaks in the 
substrate DNA would be followed by exonuclease activity to 
expose mostly homologous single-stranded regions thai can 
anneal to form hetcroduplexcs. We had proposed the creation 
of an extensive heteroduplex intermediate, requiring resolu- 
tion v ia MMR to generate the observed recombination prod* 
nets. r 

The lack of an effect of MSH2 and MLH1 in our assay is 
subject to several interpretations, as follows, (i) A heterodu- 
plex intermediate is formed but is metabolized by an MSH2- 
and MLHl-independent pathway. The formation of such heN 
eroduplexes in cxtrachromosDmal recombination substrates 
carrying duplicated genes has been demonstrated (5, 13, 32, 
40), so we cannot rule out this possible explanation. (ii)Vhe 
triplex-targeted damage is metabolized through an end-joining 
pathway in which double-strand breaks are produced, but fol- 
lowed firsr by a more limited cxonucleasc activiry and then by 
annealing of the ends at relatively short segments of homology. 
Such a pathway, diagrammed in Fig, 7, could eliminate the 
mutations at positions 163 and 115 and construct a functional 
supF gene without necessitating the production of a heterodu- 
plex. A similar mechanism could account for the joints formed 
in the deletion mutations shown in Fig. 5, as these appear to 
have occurred by joining at short (3 to 4 bp) stretches of 
homology. In this model, however, a distinction should be 
made between the deletion and the recombination events. The 
deletions are proposed to arise from iriplex-jnduccd strand 
breaks that undergo illegitimate recombination and end join- 
ing at regions of microbomology within otherwise heterologous 
sequences. The recombination products, in contrast, because 
they arc identified by reconstruction of a functional supF gene 
from two landem copies of the gene, occur by end joining 
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within large regions of homology. Nonetheless, it is possible 
thai, in the pSupFAR recombination assay, some of the in- 
duced breaks are joined, like tlic deletions, at microhomolo- 
gics within heterologous regions, but these products would not 
be detected in Lhe screen for wild- type supF function, (hi) The 
sirand breaks are meiaboli2cd to expose single-stranded re- 
gions which are capable of strand invasion into homologous 
sites within another plasmid vector in the cells. The resulting 
structures could serve as primers for DMA synthesis, promot- 
ing further strand displacement and leading to strand ex- 
change, crossing over and recorabraa lion. Such a mechanism of 
break-induced replication was proposed by Li ct al. (35) to 
account for the observation that psoralen cross-links in one 
plasinid could stimulate repair synthesis io a coincubatcd un- 
damaged plasmid in human cell extracts. Distinguishing be- 
tween these pathways will require further studies with defined 
substrains, with the caveat that the episomal target vector 



described here may be metabolized by a different set of path- 
ways than would a chromosomal substrate. 

Another caveat is that the current work was performed m 
the presence of SV40 T antigen. T antigen has heh'case activity 
thai can unwind triplexes, but such activity was found to re- 
quire a 3' singlcrStranded tail (29), which is not present in our 
triplex substrates. T antigen can also bind and inactivate p53 
and so may influence DNA repair (19). However, we have 
carried out preliminary experiments using a modified shuttle 
vector in which the T-antigen gene was substituted with a 
version mutated within the p53 binding domain (30), Essen- 
tially similar results were obtained in the recombination assay 
in both p53 wild-rype and mutant human cells (23) (data not 
shown), suggesting that the p53 status of the cells does not 
have a major influence on the pso-TFO-induced recombina- 
tion in this assay. In addition, it should be noted that the SV41) 
genome is rapidly chramatinized upon (ransfection into pri* 



PAGE 52/54 ' RCVD AT 1/24/2005 4:40:33 PM [Eastern Standard Time] * SVR:USPT0-EFXRF-1/8 ' DNIS:8729306 ' CSID: 1 DURATION (mm-ss):24<56 



JAN. 24. 2005 5:02PM PABST PATENT GROUP 



NO. 2882" P. 53~ 



Vol- 20, 2001) 

mate cells (6), so the shuttle veeior target approximates the 
micleosomal structure of a chromosomal site. 

The ability Df tripie-heJix formation, without any other as- 
sociated DNA damage, to promote recombination reported 
here provides a novel tooJ with potential utility for genome 
modification. Although these experiments were carried out in 
a model system, with a nounaturally occurring target sequence, 
the results should be applicable to any third strand that can 
bind with high affinity to a genomic site. Recent works dem- 
onstrating triplex-mediated targeted mutagenesis of chromo- 
somal loci in maiiunalian cells support the feasibility of this 
approach (38, 5S). Further, since a fiutober of nucleotide an* 
alogs thai can significantly enhance triplex formation Under 
physiologic conditions have recently been described (31), ibis 
may turn out to be a realistic strategy for genortie modification 
at a variety of sites. More generally, this work raises the pos- 
sibiliry that other sequence-specific DNA binding Jigands ca- 
pable of triggering repair may have utility hi the genetic ma- 
nipulatioo of mammalian cells. 
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